Abstract: This letter proposes a differential common drain Colpitts VCO circuit suitable for low phase noise oscillation at the sub-1V supply voltage. Oscillation with low phase noise at the sub-1V supply voltage is facilitated by employing inductors as the current sources of the proposed circuit. One of the two feedback capacitors in the half circuit of the proposed VCO circuit is replaced by a MOS varactor in order to further increase negative resistance. Post-layout simulation results using a 0.18 μm RF CMOS technology show that the phase noise performances of the proposed circuit at the sub-1V supply voltages are much better than those of the well-known cross-coupled VCO at the same supply voltages. Keywords: VCO, Colpitts VCO, sub-1V Classification: Integrated circuits Lett., vol. 19, no. 9, pp. 566-568, Sept. 2009. [5] T. H. Lee and A. Hajimiri, "Oscillator phase noise: a tutorial," IEEE J. Solid-State Circuits, vol. SC-35, no. 3, pp. 326-336, March 2000. [6] 
Introduction
It has been predicted that the supply voltages of low-power digital circuits would reduce to 0.5 V in the near future, which imposes a challenge to the development of low-voltage RF circuits integrated into a single silicon die together with digital circuits [1] . Compared to the widely used CMOS crosscoupled VCOs, NMOS or PMOS only cross-coupled VCOs without current sources [2, 3, 4] are more suitable for the sub-1V operation because they have no voltage head rooms cut down by current sources and/or their complementary MOSFETs [3] . However, they have a shortcoming that the resonator voltage swing is constrained by supply voltage V DD [5] . This implies that phase noise performances of NMOS or PMOS only cross-coupled VCOs degrade as the power supply voltages scale down toward sub-1Vs since the phase noise is inversely proportional to the amplitude of the resonator voltage swing [5, 6] . To overcome the problem of the V DD -constrained signal swing, the oscillators with tapped resonators, e.g. Colpitts/Clapp oscillators can be considered [5] . As a matter of fact, various differential implementations of the Colpitts/Clapp oscillators which demonstrate good phase noise performances have been presented in [7, 8, 9, 10, 11] . Most of them, however, employ the additional cross-coupled circuit stacked on the Colpitts/Clapp core connected to V DD or ground. Thus they are not suitable for the sub-1V operation due to the voltage head room occupied by the additional cross-coupled circuit.
In this letter, we propose a differential common drain Colpitts VCO circuit which excludes the additional cross-coupled stage. Thus, the proposed circuit is suitable for the sub-1V operation. The sub-1V operation is further facilitated by employing inductors as the current sources of the circuit. Additionally, we replace one of the two feedback capacitors in the half circuit of the conventional differential Clapp VCO by the MOS varactor in order to further increase the negative resistance. The proposed circuit is verified through the circuit simulation using the 0.18 μm RF CMOS technology.
Proposed differential common drain Colpitts VCO circuit
For the sub-1V operation, our proposed differential common drain Colpitts VCO circuit excludes the cross-coupled stage as opposed to the conventional ones [9, 10] which exploit the cross-coupled stage to boost up the tansconductance. Instead, the current source is brought back as used in the conventional Colpitts VCO. The resultant circuit is shown in Fig. 1 (a) . As shown in the figure, for the implementation of the current source, we employ the inductors (L src1 , L src2 ) rather than the transistors or resistors. This leads to as high a drain-to-source and a source-to-gate bias voltage as possible at a given source supply voltage V SS because the V SS is directed to the sources of the transistors (M1, M2) without any dc-voltage drops between V SS and the sources. Thus, the utilization of the inductor for the current source brings about larger source current as compared to the use of the transistor as the current source, which in turn leads to larger tansconductance thereby causing larger negative resistance and wider resonator signal swing. This nature is especially beneficial in the sub-1V operation because at the sub-1V supply voltages, the transistors acting as current sources are nearly in the triode region thereby failing to generate sufficient source currents which ensure stable start-up of oscillation or develop such large signal swings that make phase noises low enough to be used in typical VCO applications. For relatively high frequency region, e.g., above 3 GHz, the standard inductor in the 0.18 μm RF CMOS technology can realize L src1 and L src2 since it exhibits enough impedance to function as the current source for such a high frequency region. As a matter of fact, the idea of employing inductors to facilitate the oscillation of the differential common drain Colpitts VCO is based on the one presented in the patent invented by the first author of this letter in 2007 [17] . Recently, the usage of inductors to implement the current sources of the sub-1V differential common gate Colpitts VCO was also reported in [12] . As shown in Fig. 1 (a) , PMOSFETs are used to lower the phase noise due to the flicker noise. L L and L R constitute the resonator together with the feedback capacitances (C L , C R ), varactor (C var1 , C var2 ), and the parasitic capacitances associated with the transistors (M1, M2). L L and L R have the same inductance L tank /2; C L and C R the same capacitance C F ; C var1 and C var2 the same variable capacitance C var . Thus, due to the balanced structure as shown in Fig. 1 (a) , V g1 , the gate voltage of M1 is expected to be exactly in 180 degree out of phase with V g2 , the gate voltage of M2. Indeed, the simulated waveforms of V g1 and V g2 shown in Fig. 1 (b) indicate that they are exactly in 180 degree out of phase with each other.
Conventional differential Clapp VCO and its variants [9] locate the varactor C var1 between the inductor L L and the gate of M1; the varactor C var2 between the inductor L R and the gate of M2. However, as shown in Fig. 1 (a) , our proposed VCO pushes C var1 and C var2 into the left and right active part, respectively. This arrangement of C var1 and C var2 yields larger negative resistance thereby ensuring more stable start-up of oscillation and leading to further resonator signal swing as compared to the conventional differential Clapp VCO. For valid comparison between the negative resistances of the half circuits of the proposed and conventional differential Clapp VCO, we perform the analysis at the condition of same resonator inductance L R , same varactor capacitance C VAR , and the same oscillation frequency ω o . For a given L R , referring to Fig. 1 (c) , we know that for the same oscillation fre-quency, the equation defining relations between the capacitances in the two half circuits shown in Fig. 1 (c) should be given as follows:
If we let C 2 = βC 1 , then Eq. (1) yields
If we put C VAR = αC R in the half circuit of the proposed VCO, then by using (2), we obtain
In order to ensure a reasonable VCO gain K VCO , α is assumed to be
By using Eqs. (2) and (3),
, the negative resistance of the half circuit of the proposed VCO are obtained as
where
is the negative resistance of the half circuit of the conventional differential Clapp VCO. Referring to inequality (4) and recognizing that β is a positive number, we know that the second and third term in the third equality of Eq. (5) are always greater than one. Therefore, we obtain an inequality for R in(p) and R in(c) as follows:
The inequality (6) indicates that the proposed VCO replacing one of two feedback capacitors in its individual half circuit by a varactor demonstrates larger negative resistance than the conventional differential Clapp VCO. A PMOS cross-coupled VCO mentioned in the next section for comparison with the proposed VCO is shown in Fig. 1 (d) . For comparison, it employs the exactly same inductor L tank as the proposed VCO.
Comparisons of proposed VCO and cross-coupled VCO
The post-layout simulated amplitudes of the oscillation voltages of the proposed VCO and PMOS cross-coupled VCO in Fig. 1 (d) change with supply voltages V SS as shown in Fig. 2 (a) . For possibly valid comparison, we use same inductors L tank for the implementation of the resonators of both VCOs, and tune both VCOs at the same frequencies. For L tank = 3.31 and 2.14 nH, the amplitudes of the proposed VCO for various supply voltages are always much larger (about 1.5 to 1.7 times larger) than those of the cross-coupled VCO. From the figure, we observe that for a given supply voltage V SS , the oscillation amplitude of the cross-coupled VCO is actually limited by the supply voltage in accordance with our expectation, whereas proposed VCO swings with much larger amplitude than the supply voltage. For both of L tank = 3.31 and 2.14 nH, this leads to about −6 dBc/Hz lower phase noises of the proposed VCO than those of the cross-coupled VCO as shown The performance comparisons of the proposed VCO and other previously reported VCOs using sub-1 V supply voltages are summarized in Table I . From the table, we notice that the phase noise performance of the proposed VCO for V SS = 0.6 V is remarkable among the results reported for the VCOs with sub-1 V supply voltages and the center frequencies above 3 GHz. We also notice that FoM of the proposed VCO is comparable to the results reported thus far. Table I . Performance comparison with previous reports.
Conclusion
A differential common drain Colpitts VCO circuit suitable for low phase noise oscillation at sub-1V supply voltages has been proposed. The sub-1V oscillation is facilitated by employing inductors as the current sources. The post-layout simulation result reveals that the proposed VCO exhibits much larger resonator signal swings than the PMOS only cross-coupled VCO at the sub-1V supply voltages. This causes the proposed VCO to have much lower phase noises at the sub-1V supply voltages as compared to the cross-coupled VCO. The proposed VCO replaces one of the two feedback capacitors in the individual half circuit with MOS varactor in order to further increase negative resistance. The further increase of negative resistance due to that replacement has been proved theoretically. The post-layout simulated phase noise performance of the proposed VCO at sub-1V supply voltage is remarkable compared to the results reported for the VCOs with sub-1 V supply voltages and the center frequencies above 3 GHz. FoM of the proposed VCO is comparable to the results reported for the VCOs with sub-1 V supply voltage.
